Growth of Clostridium thermocellum in batch cultures was studied over a broad range of cellobiose concentrations. Cultures displayed important differences in their substrate metabolism as determined by the end product yields. Bacterial growth was severely limited when the initial cellobiose concentration was 0.2 (wt/vol), was maximal at substrate concentrations between 0.5 and 2.0%, and did not occur at 5.0% cellobiose. Ethanol accumulated maximally (38.3 ,umol/109 cells) 
[Lmol/109 cells per h from late-logarithmic phase (16 h) of growth well into stationary phase (44 h). When ethanol was added exogenously at levels more than twice the maximum produced by the cultures themselves (0.5% [vol/vol] ), neither the extent of growth (maximum Klett units, 150) nor the amounts of ethanol produced (-0.17%) by the culture was affected. The ratio of ethanol to acetate was highest (2.8) when cells were grown in 0.8% cellobiose and lowest (1.2) when cells were grown in 0.2% cellobiose.
The most abundant organic compound found in nature is cellulose (5) . Microorganisms with the capacity to convert cellulose to other useful chemicals and fuels in a single step are of particular interest and potential. The anaerobic, thermophilic, and celluloytic bacterium Clostridium thermocellum is receiving increasing attention for its ability to ferment cellulose via soluble sugars (cellobiose and glucose) to ethanol and organic acids (6, 9, 10, 17; Wang and Cooney, U.S. Energy Contract EG-77- 5-02-4108, 1977) .
Nutrient insufficiency is the most common environmental extreme to which microorganisms are routinely exposed (13) . To utilize C. thermocellum effectively and economically, the metabolic and physiological responses to varied substrate concentrations must be known. The consumption of cellulose and some variations in the resultant fermentation products have been reported among different C. thermocellum strains (7, 8, 15, 16, 18 Analyses. Typically, samples (0.5 ml) were centrifuged (15,000 x g for 2 min at 4°C), and an equal volume of isoamyl alcohol (1 mg/ml; International Scientific of Canada, Ottawa, Ontario) was added to the supernatant. For ethanol and acetic acid determinations, 3-,u samples were injected into a Gow Mac FID 750 gas chromatograph. The instrument was equipped with a stainless steel column (outer diameter, 6 ft by 0.25 in. [182.88 by 0.635 cm]) containing 0.1% FFAP and 1.0% H3PO4 on 100/120 Chromasorb WAW (Chromatographic Specialties Ltd., Brockville, Ontario, Canada). The chromatograph parameters were: column temperature, 140°C; injector temperature, 210°C; carrier gas flow rate, 50 cm3 of helium per min; H2 flow rate, 40 cm3/min; air flow rate, 300 cm3/min. Quantitative analysis was performed with a Hewlett-Packard 3390A Integrator (Hewlett-Parkard, Avondale, Pa.), which compared sample peak areas with those of standards (International Scientific of Canada).
After specified periods of growth, the gas pressure in the sealed culture vials was equilibrated to atmospheric pressure by releasing the gas into a 100-ml burette filled with water. Gases in the headspace of these vials were analyzed chromatographically for H2 and CO2 by the method of van Huyssteen (14) . RESULTS The growth patterns of C. thermocellum cultured with cellobiose (as the sole carbon source) at various concentrations were compared (Fig. 1) . Cultures grown on cellulose at concentrations ranging from 0.5 to 2.0% (wt/vol) had a very short lag phase followed by logarithmic growth in which the mean generation times were approximately 4.0 h. At 0.2% cellobiose, the organism grew neither so rapidly nor so extensively; at 5.0% cellobiose, no growth was observed even after 80 h. (Fig. 2) . As reported elsewhere (7) and confirmed here, conversion of cellobiose to end products continued even after growth ceased. Ethanol, for example, continued to be produced well into stationary phase (Fig. 1) . Cultures with an initial cellobiose concentration of 2.0% accumulated less than half as much ethanol as those grown in 0.8% cellobiose. The ethanol levels detected in cultures younger than 16 h were erratic and therefore not plotted. High ethanol (up to 10.2 ,umol/109 cells) in 8-h cultures was not uncommon, even though inocula were prewashed with ethanol-free media. It was initially felt that these unpredictable ethanol readings during early logarithmic growth might be due to sampling error as a consequence of ethanol entering the vapor phase in the culture vessel. To test this notion, some of the culture vessels were placed in an ice bath for 30 min before any sampling manipulation. The ethanol yield in the chilled solution was increased up to 10%, not enough to account for the anomalies observed in the young culture broths.
The initial concentration of cellobiose was found to affect the product ratios as well as the total yields ( Table 1) . The ethanol-acetate and ethanol-H2 ratios were highest in 0.8% cellobiose cultures. Cellobiose concentrations (0.5 to 2.0%) that gave indistinguishable growth patterns did produce differences in metabolic ratios.
In these experiments, cultures of C. thermocellum never accumulated more than 0.3% ethanol. Ethanol at high concentrations is known to exert an inhibitory effect on fermentation of most thermophiles, including C. thermocellum (4, 16) . To determine the effect of ethanol on fermentation product yields, experiments were performed in which various concentrations of exogenous ethanol were added to the culture media. Although the onset of growth was delayed, the extent of growth was unaffected in the presence of 0.3% ethanol, and even the net production and accumulation of ethanol remained unchanged (Fig. 3) . DISCUSSION The effect of cellobiose concentration on growth or end product yields and ratios in a single strain of C. thermocellum has, until now, not been reported. Cellobiose was the substrate of choice in this study because of its defined nature and its solubility characteristics and because it does not thermocellum (3, 12) .
Bacterial growth kinetics were indistinguishable over a broad range of cellobiose concentrations (0.5 to 2.0; Fig. 1) ; however, there was an optimum cellobiose concentration (0.8%) for both ethanol production and for the ethanolacetate ratio. Bacterial growth was severely limited when the initial cellobiose concentration was as low as 0.2%, and these substrate-limited cultures accumulated little measurable ethanol. At or above optimal concentrations of cellobiose, cell growth was not affected by the accumulated ethanol (see below).
Carbohydrate fermentation in C. thermocellum proceeds by the Embden-Meyeroff-Parnas scheme (11) . The products of fermentation monitored in this study included ethanol, acetic acid, H2, and CO2. The minor contributions of succinic acid, lactic acid, and butyric acid were not followed. To offset possible subtle cultural affects on the data, e.g., inocula and growth rates of individual cultures, yields are presented as moles accumulated on a per cell basis. Since the ethanol-acetate and ethanol-H2 ratios (Table 1) were similar in the presence of either 0.2 or 2.0% initial substrate concentration, the observed differences in these ratios (i.e., in cells grown in 0.8% cellobiose compared with 0.2 or 2.0% cellobiose) were due to some condition(s) other than substrate availability.
The ethanol present in these supernatants was not responsible for the observed differences, as discussed above. Ethanol accumulation continued well into stationary phase and was not a function of the number of cells present in the culture (Fig. 1) . The amount of ethanol accumulated seems in general related to the amount of cellobiose remaining as the culture enters stationary phase. We do not understand why there was less ethanol produced in cultures with 2.0% than with 0.8% cellobiose. In cultures of Clostridium acetobutylicum, pH changes over a relatively narrow range (5.0 to 4.5) had a dramatic effect on the ratio of acid to solvent ethanol (vol/vol) was added immediately after inoculation. Determinations were corrected for initial levels of exogenous ethanol.
products (1) . Whether this is true for the ethanol-acetate and H2-CO2 ratios in C. thermocellum is still unknown. The maximum ethanol yields detected were still well below the ethanol toxic level for C. thermocellum (3; Fig. 3 ). Indeed, when ethanol was added exogenously at levels more than twice the maximum produced by the cultures themselves, neither growth nor the amount of ethanol produced by the culture was affected.
We have been concerned with the direct and indirect effects of nutrient concentration on growth and product formation of a single strain of C. thermocellum. The efficiency of cellobiose conversion to ethanol is not directly related to substrate availability. A comprehensive analysis of the physiological and biochemical features of C. thermocellum in chemically defined medium and/or in continuous culture is currently an active area of research.
Although not yet achieved, the regulation of useful fermentation intermediates and end products remains an exciting possibility.
